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The Helically coiled tube Once-Through Steam Generator (H-OTSG) is a critical component for compact
small reactors. The present study developed and verified a model in Modelica language and simulated
steady-state and transient situations of the model. The Modelica model takes double-pipe heat exchanger
as a prototype and adopts counter flow design. Different heat transfer correlations and pressure drop cor-
relations for helically coiled tubes are reviewed and applied to the model. The model is verified by com-
paring the simulation results with the design parameters of the Marine Reactor X steam generator, and
with the results performed by other dedicated programs. After verification, a 100 MW H-OTSG is pro-
posed and steady-state conditions of the four main operating conditions, i.e. 100 MW, 75 MW, 50 MW,
25 MW, are simulated, and analyzed. Transient analysis is then performed in order to investigate the
effects of different control strategies of the H-OTSG. The H-OTSG model developed with Modelica can
be utilized for the safety analysis of small reactors in the future.
 2019 Elsevier Ltd. All rights reserved.1. Introduction
After Fukushima nuclear accident, the importance of nuclear
safety receives extensive attention. Small modular reactors (SMRs)
gain adoptions all over the world due to its safety and reliability of
operation. SMRs are developed with integral structure and passive
systems to enhance safety drastically. Once-Through Steam Gener-
ator (OTSG), as an important component in SMR, plays a critical
role in heat exchange from primary loop to secondary loop. Various
mathematical models exist to simulate U-tube Once-Through
Steam Generator (U-OTSG). Meanwhile, with the requirement to
improve heat transfer efficiency, the researches on H-OTSG are
gradually increasing because of its heat transfer efficiency up to
43% higher than that of a straight tube OTSG (Hoffer et al., 2011).
Various studied have been carried out on the thermal-hydraulic
characteristics of H-OTSG. Liang et al. (2003) studied the pressure
drop and boiling heat transfer characteristics in small helically
coiled tubes, according to the experiments of steam-water two-
phase flow experiments. Castiglia et al., 2012) analyzed single-
and two-phase flow pressure drops in helical pipes with a modified
Relap5 code, using different correction factors for different flow
modes. Salimpour (2009) fitted an empirical formula for calculat-
ing the heat transfer coefficients of shell and coiled tube heatexchangers based on experimental results. Genic et al. (2012) fitted
the heat transfer coefficients of the shell side for different hydrau-
lic diameters. Fsadni and Whitty (2016) concluded that the curva-
ture influences of the helical coils on the heat transfer coefficients
are not significant by summarizing and critically reviewing the
published studies on characteristics of two-phase flow in helically
coiled tubes. Cioncolini and Santini (2016) pointed out that the
curvature effects on the pressure gradient in helical coil two-
phase flows are significant in spite of negligible influences on the
heat transfer coefficients. To figure out the dryout point, Chung
and Bae (2014) performed various experiments with the helically
coiled tubes under different pressure, finding that the dryout for
the helically coiled tube occurred at a high-quality region. Xiang
et al. (2019) developed a two-fluid three-flow field model to
numerically simulate the drying evolution process of the helical
coiled tubes, showing that the model can accurately predict the
distribution of thermal- hydraulic parameters in the process of
the dryout evolution.
Based on the studies of its characteristics and proposed empir-
ical formulas, the analytical models for H-OTSG is developed.
Hoffer et al. (2011) presented a thorough description of the
helical-coil steam generator model and detailed the loss of pres-
sure transient in Relap5. Yoon et al. (2000) developed a thermal
hydraulic design and performance analysis computer code for a
once-through steam generator using helically coiled tubes,
ONCESG. The code was benchmarked by comparing with the
Nomenclature
English symbols
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c Specific heat capacity (J/kgK)
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h Heat transfer coefficient (W/m2K)
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T Temperature (K)
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Greek symbols
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l Dynamic viscosity (Pas)
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r Relative distance ()
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Subscripts
cr Critical
f Liquid phase
g Gas phase
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s Secondary side
w Wall
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Reactor (SMART). Yang et al. (2008) validated the TASS/SMR code
with two kinds of separate effect tests related to heat transfer at
a helically coiled steam generator, indicating that the TASS/SMR
code predicts the thermal hydraulic parameters well. A computa-
tional model was developed by Colorado et al. (2011) to describe
the thermo-fluid-dynamic behavior of a H-OTSG and widely
adopted in the nuclear industry. A code was developed by Yue
et al. (2014) to study thermal-hydraulic parameters and the flow
instability of HTGR steam generator helical tubes in transient
changes. Zhang et al. (2017) developed a dedicated thermal-
hydraulic analysis code for H-OTSG (THAOT) with empirical formu-
las for heat transfer coefficients and friction factors in order to find
geometrical design data for a given heat capacity for design pur-
pose and to find transient behavior of OTSG. Huang et al. (2018)
modified NUSOL-SG code to be capable of simulating the
thermal-hydraulic characteristics of the helically coiled steam gen-
erators by embedding different heat transfer correlations, figuring
out that influences of the CHF correlation or dryout quality corre-
lation for the tube side and the single phase heat transfer correla-
tion for the shell side are significant to heat transfer performance
of H-OTSG.
Although Relap5 can be used for analysis, the models in it can
only be simplified by inclined tube since there is no component
of helical tube, which affects the accuracy of the results to some
extent. Dedicated analysis programs for H-OTSG have been devel-
oped to fit in the structure of helically coiled tubes. However, con-
sidering the difficulty of reusing the dedicated analysis programs,
an H-OTSG model suitable for system analysis is required to pre-
dict its thermo-fluid-dynamic behavior when analyzing the system
safety for SMRs. Therefore, Modelica is selected to develop a model
for H-OTSG. The advantages of Modelica are that it is an open
source code with a graphical interface and has a fast growing com-
munity in different industrial applications and academia. It is
widely used in developing system-level models in nuclear industry
with the proof of reliability when simulating nuclear power plants
(Cammi et al., 2005). In addition, its variable-step calculation
approach is more efficient and suitable for modeling complex sys-
tems. In this paper, a model of H-OTSG is developed based on
Modelica. The changes of parameters under steady-state condi-tions and transient conditions are analyzed. When it comes to
building the analysis model of SMR system with Modelica in the
future, the H-OTSG model developed in this paper can be easily
applied to the system modeling and safety analysis of SMR.2. Mathematical models
The H-OTSG model is developed in the Modelica language
(Elmqvist, 1978). The double-pipe heat exchanger with counter-
current flow in open-source ThermoPower library is adapted as
the prototype of H-OTSG (Casella and Leva, 2003). As there are
no relevant calculation modules for helically coiled tubes in Model-
ica, a specialized module for helical tubes is developed to simulate
the thermal-hydraulic processes of H-OSTG. WaterIF97 included in
the Modelica Media library is chosen as the medium library in the
model.
The following assumptions are made for physical modeling of
H-OTSG:
1. No heat conduction in the axial direction, whether in the pri-
mary side, secondary side or wall.
2. Thermal equilibrium between water and steam in boiling
region.
3. Effect of subcooled boiling on heat transfer and pressure drop is
neglected because a) subcooled boiling length is relatively
small; b) no suitable correlation is available so far.
4. Effect of pressure drop on the saturation parameters of water is
neglected because the pressure drop has a quite limited influ-
ence on the parameters compared with the total pressure.
5. No reverse flow in either primary or secondary coolant.
As is depicted in Fig. 1, the model relies on a finite-volume
approach to develop the model of the tube, which is discretized
along its axial axis in N constant and uniform control volumes
(CV). The one-dimensional modelling method is justified by the
large ratio between the length and the diameter of the tube
(Casella and Schiavo, 2003). Following the object-oriented formal-
ism of Modelica, the H-OTSG model is built by interconnecting four
sub-components, i.e. Tubeside, Shellside, Tubewall and the Coun-
Momentum balance
Mass and energy balances
p
d,h,T
m_dot
h_dot
volume 2
node 1
volume1
node 2
m_dot
h_dot
node 3
Fig. 1. One-dimensional finite-volume modelling of tubes.
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through thermal ports, as is shown in Fig. 2. The descriptions of the
four sub-components are as follows.
2.1. Tubeside
Conservation equations for mass, energy and momentum are
used for Tubeside and Shellside. The conservation law formulations
for each CV are reported in Eqs. (1)–(3), with pressure, p, and speci-
fic enthalpy, h, as dynamic state variables. Pressure drop is com-
posed of frictional pressure drop, acceleration pressure drop, and
gravitational pressure drop. Pressure drop due to form friction is
neglected.
dM
dt
¼ _mout  _min ð1Þ
Q ¼ Vq dh
dt
þ _mouthout  _minhin  V dpdt ð2Þ
pout ¼ pin  Dp ð3ÞFig. 2. Object diagram of H-OTSG mIn order to decouple the flow model and the heat transfer
model, this type of pipeline model usually consists of two parts.
The flow model is mainly responsible for calculating the formulas
of momentum conservation and mass conservation in the pipeline,
so as to obtain the flow conditions in the pipeline, which can be
used to analyze the velocity distribution and the flow instability.
The heat transfer model is mainly used to calculate the energy con-
servation formula of the pipeline and exchange heat with the con-
nected components to achieve the purpose of calculating the wall
temperature and the fluid temperature. The heat transfer model
and the flow model are linked by two key parameters: velocity
and temperature.
Taking into account the differences between the straight pipe
and the helical pipe, the original empirical formulas of pressure
drop and heat transfer coefficient in the prototype are replaced.
In helical tubes, the flow conditions are affected by the centrifu-
gal forces that separate the liquid and gas phases due to the
density difference. De is the dimensionless Dean number, which
accounts for the effects of secondary flow induced by centrifugal
forces in helical tubes. Transition from laminar flow to turbulent
flow is governed by the critical Reynolds number Recr suggested
by Cioncolini and Santini (Cioncolini and Santini, 2006). The
empirical formulas for pressure drop and heat transfer coeffi-
cient of tube side are described in Table 1.
The model is based on homogeneous flow model and takes into
account the heat transfer deterioration in the tube. Dryout point is
calculated by using the Levitan correlation (Lee and Chang, 2008)
in the following form:
x ¼ ð2:7 0:3Þ qf  s
G2  din
 1
4 qg
qf
 !1
3
ð4Þodel from the GUI of Modelica.
Table 1
Equations for pressure drop and heat transfer coefficient of secondary side.
Heat transfer coefficient (Cao, 2005) Pressure drop (Ju et al., 2001)
Single-phase region Single-phase region
Nu ¼
0:15Re0:33Pr0:43 PrPrw
 0:25
; Re  Recr ;De  11:6
0:06De0:37Re0:33Pr0:43 PrPrw
 0:25
; Re  Recr ;De > 11:6
0:023Re0:8Pr0:4 1þ 6:3 1 dD
 
d
D
 1:15h i
; Re > Recr
8>><
>>:
f c
f s
¼
1; Re  Recr ;De  11:6
1þ 0:015Re0:75 dD
 0:4
Re  Recr ;De > 11:6
1þ 0:11Re0:23 dD
 0:14
; Re > Recr
8><
>:
Critical Reynolds number (Zhang et al., 2017)
f s ¼
64
Re ; Re  Recr
0:316
Re0:25
; Re > Recr ðsmooth pipeÞ
(
Recr ¼
2300 1þ 210 dD
 1:12h i
; dD  1150
12500 dD
 0:31
; 1110  dD  130
30000 dD
 0:47
; dD  124
8><
>:
Nucleate boiling region Two-phase region
h ¼ hM
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 7 109 0:7h0hM
 2 Vmqf c
q
 2r Dp ¼ f c Ld qf w202 1þ x qfqg1
 h i
w
hM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hL
2 þ 0:7h0ð Þ2
q
;Vm ¼ Gqf ð1aÞ w ¼ 1:29þ
P4
i¼1Aix
i
 
1þ x lglf
 0:25
 1
	 
 
h0 ¼ 3:13q0:7ð0:12p0:14 þ 1:9 1014p2Þ where A1 ¼ 2:19;A2 ¼ 3:61;A3 ¼ 7:35;A4 ¼ 5:93
Postdryout region
Nu ¼
0:017hRe0:8cm Pr
0:8; dD  0:015
0:023Re0:8cm Pr
0:8 1 0:1 qfqg  1
 0:4
ð1 xÞ0:4
	 

; dD < 0:015
8<
:
Recm ¼ Gdlg xþ
qg
qf
1 xð Þ
h i
; h ¼ 1þ Y 1 xð Þ
Y ¼ 0:5
qf
qg
 1
 0:8
;
qf
qg
 480
70; qfqg > 480
8<
:
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The Shellside model belongs to one of the pipe models, but it is
slightly different from the Tubeside model because the fluid in the
primary side is in the state of single-phase flow due to high pres-
sure in reactor primary system.
The conservation equations of primary side are basically the
same as the ones of secondary side. Since boiling does not occur
throughout the whole heat transfer process, the primary side uses
a single-phase model that considers helical tube perturbations.
Table 2 shows the empirical formulas for the heat transfer coeffi-
cient and the pressure drop used in the primary side.
2.3. Tubewall
The Tubewall model couples the heat transfer process
between the primary side and the secondary side. The heat
transfer related values of primary side and secondary side are
transmitted respectively to the sides of the tube wall through
the hot ports for correlation calculation of heat conduction.
The assumption is made that the heat conduction in the radial
direction is considered for the tube wall and that in axial direc-
tion is ignored. The lumped parameter method is applied to the
model. The one-dimensional heat transfer equation for the tube
wall is applied:
cwmw
dT
dt
¼ qpAp  qsAs ð5ÞTable 2
Equations for pressure drop and heat transfer coeffic
Heat transfer coefficient (Cammi et al., 2005)
Nu ¼
0:56Re0:5Pr0:33 PrPrw
 0:25
; 100 < Re < 10
0:2Re0:65Pr0:33 PrPrw
 0:25
; 1000 < Re < 2
0:2Re0:65
1þ3 1r2ð Þ3
 2 Pr0:33 PrPrw
 0:25
; 1000 < Re < 2
0:02Re0:84Pr0:33 PrPrw
 0:25
; Re  2 105
8>>>>><
>>>>>:Different kinds of tube wall materials are included in the model,
i.e. Inconel-600, Inconel-690, Inconel-800, and titanium (Yoon
et al., 2000), whose thermal conductivity are calculated as func-
tions of temperature, as follows:
k600w ¼ 11:262þ 0:01557T ðW=m  KÞ ð6Þk690w ¼ 11:404þ 0:0186T ðW=m  KÞ ð7Þk800w ¼ 11:666þ 0:01557T ðW=m  KÞ ð8Þktiw ¼ 10:174þ 0:01453T ðW=m  KÞ ð9Þ
The above thermal conductivity equations can be used within
the temperature range of 20 C–400 C.2.4. Counter current FV
The component avoids the need of rewiring and adjusting the
flow direction due to the difference between counter-current and
co-current flow, which improves the robustness of the whole
model. When co-current flow is applied, it passes the temperature
and heat flow one-to-one correspondence to the next component.
The reverse order is adopted to transport the parameters when
counter-current flow, which means that parameters of the first
CV is transmitted to the last CV of the next component. The default
value is set to countercurrent flow in the H-OTSG model.ient of primary side.
Pressure drop (Gilli, 1965)
00
 105;r > 2
 105;r  2
Dp ¼ 0:334f eff CiCn nG
2
2q
Ci ¼ ðcosbÞ1:8ðcosuÞ1:356
Cn ¼ 1þ 0:375n
f eff  0031
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Based on Modelica, a thermal-hydraulic analysis model of H-
OSTG is developed. In order to facilitate steady state and transient
state analysis of the model, the source and the sink are artificially
given as boundary conditions. The power of the heat exchanger is
adjusted by the temperature and the mass flow rate at the inlet of
both primary side and secondary side.
Firstly, the steam generator of Marine Reactor X (MRX) is
selected as a typical example for the analysis to validate the model.
The model developed by Modelica is benchmarked against the
results from three different sources: a) the design data of the steam
generator of MRX that was developed by Japan Atomic Energy
Research Institute and Mitsubishi Heavy Industries (Ishida,
2000); b) ONCESG code developed by Korea Atomic Energy
Research Institute (Fsadni and Whitty, 2016); c) the thermal-
hydraulic analysis code for H-OTSG(THAOT) developed by Xiamen
University and Hualong Pressurized Water Reactor Technology
Corporation (Xiang et al., 2019). Secondly, after the Modelica
model is validated, a 100 MW H-OTSG design is proposed and
the parameters of 25%, 50%, 75% and 100% full power cases are car-
ried out. Finally, the transient conditions of the model are ana-
lyzed, taking the power drop from 100 MW to 75 MW as an
example.3.1. Benchmark calculations
The MRXwas developed by Japan Atomic Energy Research Insti-
tute and Mitsubishi Heavy Industries for ship propulsion. In its
standard configuration, the design has a capacity of 100 MW. The
primary cooling water flows outside the tubes, whereas the sec-
ondary water and steam flow inside the tubes. The outlet parame-
ters obtained by different codes and the pressure drops of both
sides are compared under the same inlet parameters. Table 3
shows the results of different codes.
Under the same inlet parameters, the outlet parameters calcu-
lated by Modelica agree well with other codes. Considering the dif-
ferences in design parameters, the differences between the
pressure drops is within acceptable limits. In THAOT and MRX,
margins for plugging, fouling, etc., are taken into consideration,
leading to the reduction of overall heat transfer efficiency andTable 3
MRX design data and calculation results.
Parameters MRX
(Casella and Schiavo, 2003)
Total number of tubes 388
Tube material Inconel-800
Tube inner/outer diameter (mm) 14.8/19
Radial pitch (mm) 25
Innermost coil diameter (m) 2.095
Outermost coil diameter (m) 3.295
Primary coolant flowrate (kg/s) 1250
Secondary coolant flowrate (kg/s) 46.67
Primary side pressure (MPa) 12
Secondary side pressure (MPa) 4
Primary side inlet temperature (C) 297.5
Secondary side inlet temperature (C) 185
Heat transfer area (m2, inside) 754
Axial height (m) 2.1
Average tube length (m) –
Capacity (MW) 100
Primary side outlet temperature (C) 282.5
Secondary side outlet temperature (C) 289
Shell-side pressure drop (MPa) 0.009
Tube-side pressure drop (MPa) 0.64more heat transfer area. Besides, in the design calculations, other
margins are often added to ensure uniform flow distribution and
temperature distribution (Ye et al., 2018), accounting for longer
tubes and more heat exchange area. Since ONCESG did not take
such margins into account (Yoon et al., 2000), the results of Model-
ica model agrees well with its results, and there are some differ-
ences because of the choices of different formulas in calculation.
Additionally, the quantity and length of tubes in different positions
of coils are different in H-OTSG, while Modelica model uses the
average length of the pipes in the calculation due to the inability
to make appropriate assumptions for detailed designs, which leads
to certain errors. As an analytical model rather than a design code,
the correct and detailed design parameters can make the results of
Modelica model more actual. The temperature profiles calculated
by Modelica is shown in Fig. 3. According to benchmark calcula-
tions, the model developed by Modelica is validated by comparing
with MRX, ONCESG and THAOT.3.2. Steady-state simulation of a 100 MW H-OTSG
The newly developed Modelica model is used to simulate the
steady-state condition of a 100 MW H-OTSG. Geometrical and
operating parameters are configured with reference to the existing
reactors with helically coiled tube steam generators as a base case.
The main geometrical data and operating parameters are listed in
Table 4.
Countercurrent flow is used in the model. The simulations are
performed using an average coil in terms of length, pitch and heli-
cal radius.
The steady-state modeling includes analysis of operating condi-
tions at full power and several major operating conditions, such as
75%, 50% and 25%.
Under the full power condition, temperature profiles of primary
side coolant, secondary side coolant and tube wall, calculated by
Modelica, are shown in Fig. 4. The temperature of the primary fluid
decreases steadily along the flow direction, while the temperature
of the inner and outer sidewalls of the tube, due to heat transfer
deterioration, has a sudden change. The temperature of the sec-
ondary side fluid rises to the saturated temperature and then
remains basically the same; Temperature finally rises again when
the water becomes superheated vapor. Since the influence of pres-ONCESG results
(Fsadni and Whitty, 2016)
THAOT results
(Xiang et al., 2019)
Modelica
results
672.5–728.1 750.0 685.5
1.71–1.85 2.09 1.8
37.3–40.4 41.6 38
100 100 101.01
282.5 282.5 282.37
289 289 292.39
0.012 0.0042 0.0183
0.45–0.49 0.42 0.67
Fig. 3. Temperature profiles of benchmark calculation.
Table 4
Design parameters of a 100 MW H-OTSG.
Parameter Value
Power (MW) 100
Number of total tubes 534
Tube outer diameter (mm) 18
Tube wall thickness (mm) 2
Tube average length (m) 27
Helix angle () 8
Primary side inlet pressure (MPa) 15.5
Primary side inlet temperature (C) 320
Primary side mass flow rate (kg/s) 795
Feedwater pressure (MPa) 4
Feedwater temperature (C) 150
Feedwater mass flow rate (kg/s) 46.7
Fig. 4. Temperature profiles calculated by Modelica under full power.
Fig. 5. Heat transfer coefficients calculated by Modelica under full power.
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the secondary side fluid does not change during the boiling section.
The temperature variation inside and outside the pipe wall are
almost synchronous because the lumped-heat-capacity method is
used for the calculation of the pipe wall. Considering that the pipe
wall is very thin, the results are acceptable. Fluid temperature var-ies corresponds to the variation in heat transfer coefficients (see
Fig. 5). The fluid is in single-phase flow at the inlet section of the
pipeline, so the secondary side heat transfer coefficient at this time
is relatively small. As the fluid enters the nucleate boiling section,
the heat transfer coefficient is significantly increased. Heat transfer
coefficients vary sharply and cause an abrupt wall temperature rise
in the position where deviation from nucleate boiling happens. In
addition, the coefficient drops at the beginning of nucleate boiling
due to the sudden change caused by switching from one empirical
formula to another.
Besides 100 MW, other main operation situations are also sim-
ulated with the developed model, i.e. 75 MW, 50 MW, 25 MW.
Table 5 shows the inputs under different capacities, which includes
temperature and mass flow rate of feed water and primary coolant
at the inlet of the tubes.
The simulation results of Modelica under four main working
conditions are illustrated in Figs. 6 and 7. Fig. 6 shows the varia-
tions of the temperature of the secondary side, indicating that
the lengths of preheating, boiling and superheating region change
obviously under different working conditions. As the power
reduces, subcooling region, nucleate boiling region and post dryout
region are reduced due to the drop of the mass flow rate of sec-
ondary side fluid, while overheating section is greatly increased.
It can be seen in Fig. 7 that as the power reduces, the temperature
variations between the inlet and outlet of the primary side fluid
decrease gradually, indicating a decline in the amount of heat
transfer. The slope of the temperature curve is reduced near the
outlet of primary side. In addition, when the power becomes smal-
ler, the temperature of primary side fluid changes more slowly.
When the capacity becomes lower, the secondary side of H-OTSG
enters heat transfer deterioration section earlier, resulting in a
decrease in the heat transfer coefficient and a decline in overall
efficiency. Under low power operation, most area of the tube is
filled with dry steam with low heat transfer coeffients, which
may shorten the lifespan of H-OTSG.3.3. Transient simulation
The transient conditions are achieved by simultaneously adjust-
ing the secondary side fluid mass flow rate and the inlet tempera-
ture of primary side fluid. Four cases are included in the transient
simulation with Modelica, i.e. step change, step change in segmen-
tation, linear change in segmentation, and linear change. Taking
Table 5
Inputs under the different capacities.
Inputs 100 MW 75MW 50 MW 25 MW
Feedwater Temperature(C) 150 150 150 150
Mass flow rate(kg/s) 46.7 35.8 23.6 13.9
Primary coolant Temperature(C) 320 295 282 277
Mass flow rate (kg/s) 795 857 884 894
Fig. 6. Temperatures of secondary side fluid under different working conditions.
Fig. 7. Temperatures of primary side fluid under different working conditions.
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illustrates how the outlet temperature of secondary side fluid and
the power change respectively. The purpose of adjusting the power
of H-OTSG is achieved by controlling the input signals of primary
coolant temperature and feedwater mass flow rate at the same
time. Meanwhile, inputs of primary coolant volume flow rate and
feedwater temperature remain the same while adjusting the
power. As is shown in Table 5, the power will fall from 100 MW
to 75 MW if the mass flow rate of feedwater decreases form
46.7 kg/s to 35.8 kg/s and the temperature decreases from 320 C
to 295 C. Through such changes in operating conditions, the tem-
perature of the outlet steam remains almost unchanged, and this isalso a basic requirement for ensuring steam quality. Different
approaches are adopted in the specific process of power reduction.
Under the condition of step change, the parameters are adjusted to
the values under the condition of 75 MW by step signals at 20 s. As
for the case of linear variation, the parameters are adjusted by lin-
ear signals from 20 s to 170 s. The continuous step change is
obtained by adding five step signals, which is 5 times with an inter-
val of 40 s since 20 s. The piecewise linear signal produces a linear
change signal that lasts for 20 s every 40 s since 20 s.
When step signals are used for adjustment, the temperature
and power changes drastically. The outlet temperature of sec-
ondary side shows a tendency to decrease first and then rise to
the original temperature. Fig. 8 shows that the temperature of
steam tends to decrease when the capacity starts to drop. The pos-
sible causes for the phenomenon are as follows. The sudden
decrease of the primary side inlet temperature has a more direct
effect than the change in the secondary side inlet mass flow rate
on the secondary side outlet temperature. At the moment of tem-
perature drop, the temperature profile of both sides has not chan-
ged yet, and the vapor at the outlet of the secondary side cannot
absorb enough heat due to the decrease of the primary side inlet
temperature, which causes the drop of vapor temperature. Subse-
quently, as the mass flow rate decreases, the total heat needed
by steam is reduced, which results that the temperature at the out-
let of the secondary side rises sharply and eventually stabilizes.
Compared with the case of the step change, temperature fluctu-
ations in continuous step change is not so dramatic. Although the
temperature suddenly decreases at the moment of the power
change, the magnitude of the decrease is small and within accept-
able limits. Considering that the step changes of temperature and
flow cannot be achieved in actual working conditions, the piece-
wise linear change is the form of the continuous step change in
the actual situation. In this case, the temperature fluctuates
slightly around 555 K. In addition, due to linear changes in both
mass flow rate and temperature at the same time, the mass flow
rate and the temperature will be mismatched at a certain time,
resulting in temperature fluctuations at the secondary side outlet.
It indicates that mass flow rate of secondary side fluid is non-linear
with the change of the primary side inlet temperature while main-
taining the secondary side outlet temperature constant.
Given the differences between four methods of power reduc-
tion, the step change brings about a sharp decrease in steam tem-
perature, and the other three methods have less influence on the
temperatures. Considering that the step change is sensitive, the
frequency of the continuous step change can be appropriately
increased to accelerate the entire process of power reduction. As
is shown in the Fig. 9, the frequency is increased to 5 times with
an interval of 20 s. Comparing with Fig. 8 (2), the time spent on
the power reduction process is reduced by half and temperature
fluctuation hardly changes, which indicates that the intervals
between step changes can be suitably shortened if the power needs
a quick reduction.4. Conclusions
This paper introduces a thermal-hydraulic model of a helically
coiled steam generator based on Modelica. The model uses
Fig. 8. Transient simulation from 100 MW to 75 MW. (1): step change, (2): step change in segmentation, (3): linear change in segmentation, (4): linear change.
Fig. 9. Increase the frequency of continuous step frequency.
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model is verified by comparing with the design parameters of
MRX, and the results calculated by two specific codes, ONCESGand THAOT. The results calculated by the Modelica model shows
a good agreement with them. Therefore, the model in Modelica
language can be used as a thermal-hydraulic tool to analyze an
H-OTSG. Then, the model is used to calculate the steady-state con-
ditions of a 100 MW H-OTSG. The thermal-hydraulic characteris-
tics of 25%, 50%, 75% and 100% power of the H-OTSG are
simulated and analyzed. Furthermore, the model is used to analyze
the transient conditions of the 100 MW H-OTSG. Power reduction
from 100% to 75% is simulated and four different cases are ana-
lyzed. The fluctuation of steam temperature is analyzed under dif-
ferent power reduction modes and suitable power reduction
methods are selected.
The Modelica model uses empirical formulas for calculating
helically coiled tubes instead of using inclined tube model, making
the calculation results more reliable. Modelica adopts a variable
step size calculation method, which is more efficient than tradi-
tional calculation methods and is suitable for calculation of com-
plex systems.
However, the model based on Modelica has several shortcom-
ings. Since Modelica adopts a calculation method based on differ-
ential equations, the excessive number of control volumes is
detrimental to its computational convergence, especially when cal-
culating nonlinear differential equations. Additionally, the heat
transfer coefficients and pressure drops are calculated by empirical
correlations. Therefore, the predictive accuracy of the model is lim-
ited by the scope of the empirical correlations.
Due to the open source nature of Modelica, the model can be
further calibrated and optimized. By modifying the empirical for-
mulas, the results would be closer to the actual situation. Although
H. Ding et al. / Annals of Nuclear Energy 137 (2020) 107069 9situations of power drop have been modeled, results cannot
account for the true response to the situation due to the absence
of reactor. In order to fully understand the transient thermal-
hydraulic characteristics of H-OTSG, coupling of reactor core and
other equipment in the primary loop is necessary. And the devel-
oped H-OTSG model can be used in the safety analysis of SMRs
in the future.
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